The present paper gives an experimental and theoretical study of the transmission process of protons within the 100 keV to 300 keV energy range through a quartz tube, 100 mm in length and 1.6 mm in diameter. It has been established that protons pass through the tube without energy losses. The proton beam goes through the tube even when the tube axis is tilted from the beam axis. The angular width of the protons' transmission curve versus the angle of incidence makes about 3
Introduction
The possibility of transporting relativistic impulse heavy-current electron beams through dielectric channels was experimentally shown in the 1980s [1] [2] [3] [4] . The authors explained abnormal transmission of the beam by formation, from the wall material, of plasma compensating Coulomb electron bunch repulsion forces.
Transfer of positive ions via a dielectric channel without collision with walls was for the first time observed only in 2002 [5] . This paper showed that multi-charge ion beam (Ne 7+ ) passes through dielectric micro capillaries without collision with channel walls. In the paper [6] an experiment was performed on transportation of Mev helium ions through a conic glass capillary and compressed beam up to 0.3 µm in diameter. The beam density in the ions experiments is too small and the beam's volume charge does not play any role at the beam behaviour in the capillary. A different explanation is needed. In our works [7, 8] , we studied the interaction between sliding proton beams and dielectric surface. Computer simulation and experimental results have proven that the property of selforganization-dielectric surface electrization goes in a way providing conditions for beams sliding along the surface with no energy losses due to ionization. Since possible transporting of ions through dielectric capillaries and tubes has practical interest, we investigate the process of protons transportation through a glass tube.
Experiment and results
Using the ion accelerator KG -500 at the Moscow State University Institute of Nuclear Physics, transportation of beams of accelerated protons through a dielectric (quartz) tube was studied. Protons' energy was from 100 to 400 keV, beam current 0.1 to 2 µA, tube length 100 mm, diameter 1.6 mm. An experimental layout is given in figure 1 . It was discovered that in the case of the paraxial position of the tube relatively to the beam direction, the passed beam current value is very close to the initial beam current, transmission is about 80%. Beam transmission through the tube was also observed when the tube axis did not coincide with the beam direction. The dependence of the tube transmission coefficient on the angular displacement is shown in figure 2 . Transmission curve half-width makes about 3
• . It should be noted that at a 3
• angular tilting and an initial beam energy of 200 keV, the energy of the transverse proton motion (normal towards the wall) is about 500 eV only. Comparing proton beam cross-sectional dimensions at the tube inlet and outlet, which are shown in figure 3 , shows that the dielectric tube somewhat lowers down the cross-sectional dimension of the beam during its transportation (small focusing action).
The above experimental results can be due to the formation of an electrostatic field deflecting ions away from the wall and preventing close collisions of protons with the tube walls surface as the inner surface of the channel (tube) is charged. It follows from the experiment that the depth of 'effective' potential well keeping ions from colliding with walls under said conditions is about ∼ 500 eV. The fact that channel walls are charged by the incident beam is supported by N Stolterfoht et al (2002) as well. At the same time, the process of walls electrization should be self-organizing. It should be noted that beam transportation through a dielectric channel cannot be explained based on the assumption that the charge is uniformly distributed on the inner surface of the channel because, in this case, the electric field inside the channel should be equal to zero.
The next experiment was performed with a conic capillary at the same geometry as in figure 1 . The conic capillary was 10 cm of length, 1.5 mm input diameter and 0.5 mm output diameter . We measured the transmission coefficient for different energies of ion beam. Results are shown in figure 4 . We see that at energy 200 keV, for example, the transmission is about 50% and the exit square is nine times smaller than the inlet square, so the current density is about five times higher. We can conclude that the current density at the exit of the capillary is higher by a few times than at the entrance; there is a focusing of the beam [6] . It is interesting that the dependence E −1 fits experimental data very well (figure 4).
Model
To understand the mechanism of this phenomenon, a computer model has been developed simulating the movement of charged particles inside the channel. A similar modelling was made in our previous paper [8] . The model is based on a solution by the Runge-Kutt method of Hamilton equations for protons moving in the Coulomb field generated in the channel at the wall produced by the charge produced by ions collision with walls at the initial stage of protons' transport through the channel. Proton collision with the wall is fixed if the particle's transverse coordinate becomes equal to the tube radius. In this case, a charge is generated on the wall, whose value is determined in reality by the number of electrons emitted from the surface. The model provided for a self-organizing interaction of ions with a dielectric channel is similar to that occurring in the experiment. The model has shown that the tube wall is charged in an axially symmetric manner and the charge is oscillating along the tube around any value which approximately is a constant (see figure 5 ). The mean axially symmetric charge can be excluded because it does not create a field inside the channel. The oscillating force with mean value equal to zero acts on the particle as some effective unidirectional force-a so-called gradient force [9] . This force creates an 'effective' potential well keeping particles inside the tube; in this case, the potential well is established in a self-agreed manner so as to prevent contact of particles with the wall. The depth of this 'effective' potential depends on experimental conditions. We used the model to calculate the angular distribution of protons at the tube exit too. A more detailed description of our model is given in [10] . Figure 6 gives simulation results for protons with 0.3 MeV energy passing through a capillary 2.5 cm long and 0.1 cm in diameter. Simulation has shown that dielectric channel is a focusing device for a beam of charged particles, which also agrees with the experimentintensity distribution along transverse coordinate of the output beam is narrower in comparison with the input beam ( figure 3 ). This conclusion also in agreement with the results of the work [5] , where the directing action of micro capillaries on the motion trajectory of ions (Ne 7+ ) was investigated.
Conclusion
As a result of experimental and theoretical studies performed, it was demonstrated that the high transmission coefficient of protons through a dielectric channel is explained by electrization of the tube during protons irradiation. It is important to underline that there is a self-organization of a beam-wall charge system, i.e., a charge is generated, at which there are no more collisions of protons with the wall and no more changes in the charge distribution. The experiment shows as well that more beam self-isolation takes place also at tilting angles of the channel axis toward the beam direction. It seems interesting to continue investigation of the registered phenomenon and study its dependence on various conditions, such as channel geometry, material properties, particles' energy and so on.
The phenomenon of self-isolation of accelerated charged particles from the wall of a dielectric channel served as a basis of the suggested device for transporting beams of charged particles [11, 12] .
